ABSTRACT: The overall prevalence of cryptorchidism in Florida panthers (Puma concolor coryi) from 1972-2001 was 49% (24/49), with a significant increase over time. The earliest age at which descent of both testicles was known to occur was 2 mo and the latest was 10-13 mo. Delayed testicular descent was documented in 23% (8/35) of juveniles examined. Most retained testicles were in the inguinal canal. There was no apparent difference in reproductive success between cryptorchid and normal panthers, although no bilaterally cryptorchid panthers were known to have sired litters. Cryptorchidism was thought to be a manifestation of inbreeding and was one of several factors that led to the development of a genetic restoration plan whereby eight female puma from Texas were released into the panther population in 1995. None of the progeny resulting from genetic restoration efforts has been cryptorchid. This report provides evidence that cryptorchidism in panthers is genetically rather than environmentally based, and demonstrates the utility of genetic restoration for eliminating certain deleterious traits that result from inbreeding.
INTRODUCTION
The Florida panther (Puma concolor coryi) is a subspecies of puma that formerly intergraded with the eastern cougar (P. concolor couguar) to the north, P. concolor hippolestes to the northwest, and P. concolor stanleyana to the west (Young and Goldman, 1946) . During the last century, unregulated killing and loss of habitat to human residential and agricultural development has restricted the Florida panther to an approximately 8,810 km 2 area in south Florida (Maehr, 1990 ) that supports at least 60-70 individuals (Land and Lacy, 2000) . The eastern cougar is now extinct, and constriction of the Florida panther's range has resulted in a loss of dispersal opportunities and, thus, genetic exchange with remaining puma subspecies.
Small isolated populations are vulnerable to loss of genetic diversity, which may in turn lead to the fixation of certain alleles, inbreeding depression, loss of individual fitness, and ultimately extinction. There is evidence that this process is occurring in Florida panthers. Florida panthers have the lowest levels of genetic diversity of any subspecies of puma examined (O'Brien et al., 1990) . This low genetic diversity is believed responsible for the high frequency of morphologic anomalies, including kinked tails, mid-dorsal whorls of the pelage (Wilkins et al., 1997) , heart defects , and abnormal male reproductive traits (Barone et al., 1994) . Among the abnormal male reproductive traits is a high prevalence of cryptorchidism, wherein one or both testicles fail to descend into the scrotum. The majority of cases are unilateral, but at least three males have remained bilaterally cryptorchid into adulthood. Since unilaterally cryptorchid animals may have reduced fertility (Kwakami et al., 1984) and bilaterally cryptorchid animals are functionally sterile, this could have obvious implications for the panther's ability to reproduce and therefore persist as a distinct subspecies in nature.
Concern for the genetic health and long-term viability of the Florida panther led to development of a genetic restoration plan to artificially restore gene flow that had historically occurred with another sub- species of puma (Seal, 1994) . Accordingly, in 1995 eight female pumas from Texas (P. concolor stanleyana) were released in south Florida to interbreed with Florida panthers. Since then, at least 15 male intercross kittens have been born and seven of these have survived their first year (Land and Lacy, 2000) . Here we describe the prevalence, reproductive effects, and clinical features of cryptorchidism in Florida panthers and provide a preliminary report of the impact of genetic restoration on this trait. February 1972 to September 2001 male Florida panthers Ն1 mo of age were examined in southern peninsular Florida (south of 27Њ00ЈN) by the Florida Fish and Wildlife Conservation Commission. Of these, 56 were live-captured on one or more occasions for radiocollaring, 15 were unmarked individuals killed by vehicles or illegally shot, five were removed from the wild as kittens for captive breeding purposes, and one was permanently placed in captivity as an adult after sustaining severe vehicular trauma.
MATERIALS AND METHODS

From
Panthers Ն5 mo of age were live-captured and chemically immobilized as previously described (McCown et al., 1990; Roelke, 1990) . Younger kittens were handled following Land et al. (1998) and implanted with subcutaneous transponder chips to facilitate later identification. Each captured panther received a complete physical examination, which included palpation of the scrotal and inguinal areas to detect the number of descended testicles. Age was estimated based on tooth color and wear, pelage characteristics, and size (Ashman et al., 1983) . For some panthers, age was calculated based on the known denning dates of their radiocollared dams.
Radiocollared panthers were monitored from fixed-wing aircraft three times weekly, which enabled detection of male-female associations, subsequent periparturient behavior and den sites of females, and retrieval of carcasses when panthers died. Sires were assigned by back-dating from the birth date of litters to the time of probable conception and examining radiotelemetry data for evidence of males consorting with the dam during that time. Males that were documented as being with a female that subsequently gave birth after the appropriate gestation period were considered successful sires.
Carcasses that were suitable for postmortem examination were transported to the University of Florida Veterinary Medical Teaching Hospital (Gainesville, Florida, USA) for necropsy. During the necropsy, the presence, location and laterality of retained testicles were determined. If not too autolyzed, testicular tissue was fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 5-6 m, and stained with hematoxylin and eosin for histologic examination.
Because data concerning the relatedness among animals were too sparse to be fruitfully incorporated, statistical analyses were performed ignoring relatedness. Logistic regression in which polynomial year trends (up to the quartic) for the log (odds of cryptorchidism) were tested using the SAS System (SAS Institute, Inc., 1999). The Mann-Whitney test was used to compare means and Fisher's exact test was used to test for independence of variables (Zar, 1984) . A P value of Յ0.05 was considered statistically significant.
RESULTS
Presence or absence of descended testicles was recorded for 73 of 77 panthers examined. Seven of 73 were intercrossed progeny resulting from Florida panther and Texas puma matings. The intercrosses included two F 1 (P. concolor coryiϫP. concolor stanleyana), two F 2 (F 1 ϫF 1 ), and three backcross (F 1 ϫP. concolor coryi) individuals. Of 49 non-intercross panthers that survived to adulthood (Ն24 mo), 24 (49%) were cryptorchid, including three that were bilaterally cryptorchid. None of the intercross individuals was cryptorchid (Fig. 1) . Overall there was an increasing linear trend in the odds of cryptorchidism over years (Pϭ0.03).
Forty-one male panthers were examined at least once as juveniles (Ͻ24 mo). The earliest age at which both testicles were noted to be descended was 2 mo and the latest age at which descent of both testicles occurred was between 10-13 mo. In four cases, juveniles were bilaterally cryptorchid when first examined at 6, 7, 8, and 8 mo old respectively, but they were unilaterally cryptorchid when re-examined at 18, 18, 12, and 16 mo, respectively. In another four cases, juveniles were unilaterally cryptorchid when first examined at 1, 5, 7, and 10 mo old respectively, but they were normal when re-examined at 2, 10, 15, and 13 mo, respectively. All six intercross males handled as juveniles had two descended testicles at the time of their first physical examination, which occurred at ages ranging from 8-16 mo. The seventh intercross male had two descended testicles when first examined at 4 yr of age.
One originally bilaterally cryptorchid juvenile died before reaching adulthood. Another was last examined at 18 mo of age before he was lost to follow up due to radiotransmitter failure at 4 yr of age. None of the three surviving originally bilaterally cryptorchid panthers were successful sires. Two of the four originally unilaterally cryptorchid juveniles spent their lives in captivity, the third died before reaching adulthood, and the fourth became a successful sire.
Thirty-five free-ranging, non-intercross males with at least one descended testicle were monitored via radiotelemetry during adulthood. Of these, 18 successfully sired at least one litter of kittens during their lifetime, and 17 were not known to have sired litters. In the successful sire group, eight (44%) of the males were cryptorchid and the remaining individuals were normal. In the group of panthers not known to have sired litters, nine (53%) panthers were cryptorchid.
The meanϮSD age of successful sires at first reproduction was 4.3Ϯ1.4 yr. One half (8/16) of the panthers not known to have sired litters died before the age of four, and 50% of these were killed by older males. When only panthers Ն4 yr were considered, 7/14 (50%) successful sires were cryptorchid and 3/8 (38%) panthers not known to have sired litters were cryptorchid. This difference was not statistically significant (PϾ0.05).
Laterality of the retained testicle was determined for 19 unilaterally cryptorchid panthers. The right testicle was retained in ten (53%) of the cases and the left testicle was retained in 9 (47%). The location of the retained testicle was determined at necropsy; 12 (80%) of 15 were in the inguinal canal. In two cases, the retained testicle was found in the subcutaneous tissue just caudal to the inguinal ring, and in another it was within the abdominal cavity near the pubic rim. Both testicles were retained in the inguinal canals of two bilaterally cryptorchid individuals, and both testicles of the third bilaterally cryptorchid panther were retained in the subcutaneous tissue caudal to the inguinal ring.
Grossly, retained testicles were smaller than descended. Retained testicles weighed significantly less than descended testicles with a meanϮSD weight of 3.5Ϯ0.8 g (nϭ8) for retained and 9.1Ϯ1.6 g (nϭ10) for descended (PϽ0.01). Histologically, cryptorchid testes were characterized by hypoplastic seminiferous tubules lined by Sertoli cells and reduced numbers of spermatogonia with no evidence of spermatogenesis. In some animals, the seminiferous tubules were surrounded and separated by dense fibrous connective tissue. There were occasional mineral deposits within tubular lumina. These histologic features were not observed in descended testicles.
DISCUSSION
During the past 29 years of Florida panther monitoring, the overall prevalence of cryptorchidism in adult males was 49%. Twenty-four (69%) of 35 juvenile panthers were cryptorchid when first examined.
However, the number that would have remained cryptorchid into adulthood may be lower, given that delayed testicular descent was documented in at least eight individuals, and seven cryptorchid juveniles that died before reaching adulthood may have eventually had both testicles descend. The high prevalence of cryptorchidism in Florida panthers is in marked contrast to levels reported for presumably non-inbred populations of other species, including 1.0% in humans (Berkowitz et al., 1993) , 8.6% in horses (Hayes, 1986) , 0.6% in cattle (Saunders and Ladds, 1978) , 1.1% in feral goats (Tarigan et al., 1990 ), 1.2% in dogs (Hayes et al., 1985) , 1.7% in domestic cats (Millis et al., 1992) , and 3.9% in other populations of puma (Barone et al., 1994) .
The pathophysiology of cryptorchidism is not fully known, although a variety of potential etiologies have been proposed. Among these are maternal vitamin A deficiency (Wilson et al., 1953) , in utero exposure to high levels of estrogen (Rajfer and Walsh, 1977) , and genetic factors (McPhee and Buckley, 1934; Claxton and Yeates, 1972; Cox et al., 1978) . ruled out vitamin A deficiency as a likely cause of congenital deformities, including cryptorchidism, in Florida panthers. Facemire et al. (1995) suggested that environmental contaminants, including xenobiotic estrogenic compounds, might be responsible for the high prevalence of cryptorchidism in Florida panthers, although their evidence was inconclusive. Finally, O'Brien et al. (1990) and Barone et al. (1994) provided convincing evidence that genetic factors, specifically low genetic diversity, were responsible for a number of morphologic abnormalities seen in Florida panthers, including cryptorchidism.
Previous work on Florida panthers has demonstrated the existence of two genetic lineages within the wild population (O'Brien et al., 1990) . The so-called ''Piper stock'' is believed to have descended from seven captive puma that were released into Everglades National Park between 1957 and 1967. Genetic analysis suggests that this group may have included Florida panther/Latin American puma hybrids. ''Piper stock'' animals have greater genetic variability than do ''authentic'' Florida panthers, and for the most part lack the abnormal morphologic traits, including cryptorchidism, commonly associated with panthers of pure P. concolor coryi descent (O'Brien et al., 1990) . A genetic basis for cryptorchidism has been demonstrated in numerous species (McPhee and Buckley, 1934; Claxton and Yeates, 1972; Cox et al., 1978 , Czeizel et al., 1981 . Most authors suggest that in the majority of cases a sexlimited autosomal recessive gene is responsible for cryptorchidism. In the present study, the cryptorchid trait was eliminated in all examined progeny of Texas females, while the prevalence of cryptorchidism appeared to increase in non-intercross panthers born in the same region during the same time period (Fig. 1) . This provides further evidence that cryptorchidism in the Florida panther is genetically, rather than environmentally based. This is the first report of delayed testicular descent in pumas. Dunbar et al. (1996) reported on cryptorchidism and delayed testicular descent in Florida black bears (Ursus americanus) and considered retention of testicles during the first year normal. The testicles of domestic cats are descended into the scrotum at birth (Burke, 1986) . It is not known whether delayed testicular descent is a normal occurrence in pumas. Delayed testicular descent was observed in normal dogs from a colony with a high incidence of cryptorchidism (Cox et al., 1978) . Similarly, we believe that the delayed testicular descent observed in Florida panthers is probably related to the high prevalence of cryptorchidism in this population.
In this study, no bilaterally cryptorchid males were known to have sired litters, including those that were bilaterally cryptorchid when examined as juveniles but later had a testicle descend before reaching adulthood. This suggests that retention of both testicles, even during a relatively brief period before maturity, may result in permanent sterility. However, sample sizes were small and further investigation is needed before definitive conclusions can be drawn.
There was no apparent difference in the abilities of cryptorchid and non-cryptorchid panthers to sire litters. Approximately half of the adult male population were suspected sires. This is similar to findings in other puma populations, where only a proportion of adult males participate in breeding (Logan et al., 1996) . Successful sires tended to be older than males not known to have bred. This is consistent with what is known about the social organization of other puma populations, in that older resident males tend to do most of the breeding (Seidensticker et al., 1973) .
Identification of successful panther sires was inferred from radiotelemetry data. Male puma typically establish home ranges with little overlap with other males , however, we could not rule out the possibility of unmonitored males siring litters. Currently, DNA microsatellite analysis is showing potential for corroborating or refuting field information. Of 41 panthers for which paternity was inferred from radiotelemetry data, the purported sire was excluded as a possibility in only three instances based on genetic analysis (W. Johnson, unpubl. data) .
Preliminary analysis indicates that genetic restoration of the Florida panther appears to hold promise in reducing, if not eliminating, the occurrence of at least one maladaptive trait believed to be the result of inbreeding. Molecular genetic analysis is currently underway to further characterize the genetic structure of the population and how it relates to the expression of cryptorchidism and other morphologic anomalies (Land and Lacy, 2000) . Further evaluation will be needed to determine the level at which genetic augmentation must continue to maintain population viability and to conclusively rule out the role of non-genetic factors in the expression of potentially deleterious traits.
